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Motivation

● Lower the cost of Project X by using existing 
infrastructure and tunnels
● Reduce digging
● Use existing utilities, e.g. water, power.
● Reuse present MI-8 line.

● The Booster RF upgrades etc. can be made 
Project X compatible.
● NOVA, mu2e, etc. will require RF upgrades and 

possibly new cavities.
– $30 million in savings if new cavities are built.



  

Proposal

● Build a new 1-1.5GeV superconducting linac for 
injecting into Booster
● Linac can fit in existing switchyard.
● There is space for linac upgrade to 3GeV or higher.

● Create a new Booster lattice that has zero 
dispersion sections for RF and transfer lines.
● Proof of principle that this lattice exists (requirement 

given to us by PrX management)



  

Aerial Shot



  

Approximate 
position of linac 
and bend. 
~300m for 1-1.5 
GeV linac.

For 0.1% beam 
loss from 
stripping,

1GeV protons 
15.5m radius 
bend

1.5 GeV protons
27m radius 
bend

1-1.5 GeV
 linac

Upgrade 
3GeV or 
higher

Present linac
150m



  

Siting 1 to 1.5 GeV linac in Switchyard 
Transfer Line

For 0.1% beam loss 
from stripping,

1GeV protons 
15.5m radius bend

1.5 GeV protons
27m radius bend



  

Siting 1 to 1.5 GeV linac in Switchyard 
Transfer Line

For 0.1% beam loss 
from stripping,

1GeV protons 
15.5m radius bend

1.5 GeV protons
27m radius bend



  

~300m
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Enclosure B Plan View



  

New Booster Lattice

● Create a simple lattice that has zero dispersion 
in straight sections for RF cavities and transfer 
lines.
● No stability calculations, tune shift etc.

● Must fit in the existing Booster tunnel.



  

18 sided (octadecagon) Ring

18 sided ring (20 deg per side)
15-16 used for RF cavities.
2 transfer lines.



  

Rough Orientation of New Booster and 
Transfer Lines



  

Lattice Using Double Bend 
Achromat with Doublets

Dx, and D'x are zero 
outside the dipoles.

Dipole length=7.5m 
means B-field at 
8GeV=0.7T 

Phase advance=254 
deg/cell

Quads are 1m long. 
Max B' = 20 T/m @ 
8GeV.

Long straights about 
5 m in length.

Can optimize further, 
e.g. beta functions, 
use triplet double 
bend achromat etc.



  

Some MADX Lattice Notes
● Qx and Qy optimized to 12.7 units. (12.7 

was chosen because a FODO lattice with 
Qx=12.7 will have a transition energy 
~10GeV).

● 
x
(max) is 2x and 

y
(max) is 2.6x bigger 

than present Booster. (Present Booster 

x
(max) = 33.7m and 

y
(max) = 20.5m)

● Transition energy: 18.7 GeV > 8GeV

● Injection energy is 1.5GeV.

● If RF cavity takes up 3m of straight 
section space, 2m are left for sextupoles 
etc. (14-15 cavities)



  

The Injector Chain
● H- source 

● RFQ

● Linac 1.5GeV fits in present enclosures
● Pulsed or CW operation (can feed muon expt)

● Booster/RCS
● Using present MI-8 line to inject into MI/RR.

● Slow spill (option)
● Inject into Tev tunnel from MI using P1 line for slow spill.

● Or spill from mu2e.

● Slip stacking in RR
● Accept 12 Booster batches.

● MI 2MW beam for neutrino experiments.



PrX IC-

1.5 GeV CW H- Linac @ 1mA

Phase 2 Linac upgrade?

In Switchyard Tunnel

1.5 GeV users
1.44 MW total

muons

neutrons

…

RCS evolved from Booster
1.3 × 1013 to 8 GeV @ 20 Hz

BNB / Fast 8 GeV spill

“old” mu2e ring  Kaons
165 kW for 8 GeV 
(slow & fast combined)

Main Injector
1.2 s Cycle

Direct or Boomerang Transfer

Slip Stacking in Recycler
12 batches  6120 GeV Fast Spill

1.6 × 1014  protons / 1.2 s
2.5 MW

2 ms injection
Long flat-bottom or stripping ring



  

CW

● 1mA CW linac
● Injection into Booster/RCS for 2ms at 20Hz.
● Same frontend as ICD2

● Rest of duty factor goes to 1.5GeV experiments.



  

RCS/Booster
● Injection energy is 1 GeV to 1.5GeV
● Ramp rate is 20 Hz
● Extra cycles (extractions to MI at 10Hz for 1.2 s 

cycle time, 1 s cycle time should be considered)
● For 8 GeV experiments

● 1.3e13 protons per batch for 2MW MI beam



  

Conclusion

● This is a demonstration that the Booster, 
Switchyard, Transfer Hall enclosures and MI-8 
line, along with existing utilities which can meet 
Project X requirements.

● Additional savings can be met by reusing 
elements and future upgrades.



  

Extra slides



  

Pulsed

● 20Hz linac (1.2 ms pulse length)
● Same frontend as ICD1 except injection is at 

1.5GeV

● Current is 20mA
● <= 200 us to fill Booster
● Remainder of 1.2ms pulse goes to 1.5GeV 

experiments



  

Increase in Beam Current
● By injecting at a higher energy, we can increase the beam 

current in the new Booster.

● Using the present maximum space charge tune shift at 
injection (400MeV) as starting point, we get the following 
increase injection beam intensity

● Injection at 1GeV gives 2.5x increase
● Injection at 1.5GeV gives 4.3x increase

● Efficiency must be increased

● Reduced injection losses from chopping and higher energy
● Larger aperture through RF
● No notching losses – performed with chopper
● No crossing transition



  

Pros/Cons compared to ICD1/2

● Less digging
● Use existing 

infrastructure like cryo 
CHL is right there, 
power, water etc.

● Booster components 
like correctors, 
septas, RF solid state 
drivers.

● MI test beam, 
switchyard is 
removed.

● Some 
decommissioning of 
Booster components.



Phase Relationships

● Beam is extremely limited in Phase 0
● Booster only has about enough capability for 700 kW NOvA/LBNE (w/o upgrades)
● Every 10 kW for mu2e costs 150kW of neutrino

Assume IC- Phase 2 is 3 GeV linac (ala IC-2v1) - for comparison

NOvA/LBNE mu2e Kaons Other @ 
1.5-3 GeV

Other @ 
8 GeV

Phase 0 700 kW 0-30 kW 0 0 0-10 kW

IC-2v2 Phase 1 700 kW 400 kW 800 kW 800 kW 0-40 kW

IC-2v2 Phase 2 2.3 MW 400 kW 800 kW 800 kW Large ?

IC- Phase 1 2.5 MW 200 kW 150 kW 1.2 MW 15+ kW

IC- Phase 2 2.5 MW 600 kW 1.2 MW 1.2 MW 165 kW



  

For 0.1% loss of H- at 
1.5GeV, require min. 27m 
radius bend



  



  

Heating by Eddy Current

● Formula for power loss per unit length (W/m) is
●

– Formula is from Chao and Tigner “Handbook of 
Accelerator Physics and Engineering”, page 436.

● For stainless steel pipe of thickness d=0.7mm and 
radius r=2 cm, =1/(1.4 x 106) m, f

ramp
 = 15Hz

● For 1 GeV injection, 8GeV extraction, loss is 
6W/m.

● For 1.5GeV injection, 8GeV extraction, loss is 
5W/m

dP
ds

=3 f ramp
2 Bmax−Bmin

2 r3d /



  

RF Power

● Average RF power to beam at 1GeV injection 
energy: 440kW

● Average RF power to beam at 1.5GeV injection 
energy: 400kW



  



  

MADX Input File



  

ICD2

1
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